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Background: Non-enzymatic glycation is the main post-translational modification of long-life proteins 
observed during aging and physiopathological processes such as diabetes and atherosclerosis. Type I 
collagen, the major component in matrices and tissues, represents a key target of this spontaneous reaction 
which leads to changes in collagen biomechanical properties and by this way to tissue damages. 

Methods: The current study was performed on in vitro glycated type I collagens using vibrational 
microspectroscopies, FT-IR and Raman, to highlight spectral features related to glycation effect. 

Results and conclusions: We report a conservation of the triple-helical structure of type I collagen and notice¬ 
able variations in the exposure of proline upon glycation. Our data also show that the carbohydrate band can 
be a good spectroscopic marker of the glycation level, correlating well with the fluorescent AGEs formation 
with sugar addition. 

General significance: These non-invasive and label-free methods can shed new light on the spectral features of 
glycated collagens and represent an effective tool to study changes in the extracellular matrix observed in 
vivo during aging or on the advent of a pathological situation. 

© 2013 Elsevier B.V. All rights reserved. 


1. Introduction 

Type I collagen is the most abundant extracellular matrix protein 
in the human body. It is assembled in triple-helical structure, and 
cross-linking between triple helices allows it to form a fibrillar 
network [1]. Because of its long lifespan which can be variable, 
about 15-years in skin, collagen I undergoes post-translational modi¬ 
fications during aging or pathological conditions such as diabetes 
mellitus [2] and more recently in cancer processes [3,4]. The main 
modification is a non-enzymatic glycation [5,6], resulting in the fixation 
of reducing agents, such as aldose sugars, essentially on lysine residues 
of type I collagen. In the field of cancer, scaffolds of glycated collagens 
have been used to study the impact of this post-translational modifica¬ 
tion on tumor cell proliferation [7] and migration [8]. Further, in tissue 
engineering strategies, glycated collagen has also been shown to be 
of great interest for preparing cartilage constructs [9,10], mimicking 
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diabetic wound healing [11] or evaluating the effect of mechanical 
constraints on cellular behavior [12]. 

At the mechanistic level, glycation leads to the formation of Schiff 
bases that are transformed into Amadori products. After complex 
rearrangements, the Amadori compounds give rise to irreversible 
products called advanced glycation end products (AGEs) [3]. Among 
these end products, N s -carboxymethyllysine (CIVIL) and pyrraline 
have been found to be non-fluorescent and non-cross-linking, while 
pentosidine and crossline have been described as fluorescent and 
cross-linking compounds [13-15]. AGEs contribute to changes in the 
collagen properties such as loss of the triple helix solubility and flex¬ 
ibility, resulting in an increase of its rigidity [1]. Consequently, via 
these structural and molecular modifications of collagen triple helix, 
its enzymatic digestivity is less efficient with aging and in pathologi¬ 
cal situations like diabetes [16]. Glucose is the major blood circulating 
sugar in the human body but it exhibits less reducing properties than 
agents such as ribose, glyceraldehydes or fructose [4,17]. Although 
these latter compounds are less involved in in vivo protein glycation 
processes, they are able to generate elevated AGEs levels and are 
therefore used for in vitro collagen glycation [1]. 

Protein glycation evaluation is currently assessed by conventional 
spectrometric, chromatographic or immunohistochemical methods. 
To detect post-translational modifications of the collagen and to 
provide a quantitative determination of resulting cross-links, mass 
spectrometry and high performance liquid chromatography have 
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been largely used [14,16]. However, these methods need sample 
reduction and protein hydrolysis into amino-acids [18] and as such 
cannot be used directly on ex vivo or in vivo tissues. For immunostain- 
ing of tissues, AGEs’ accumulation can be also quantified but it gives 
the AGEs' content from all proteins present in the tissue section, but 
not from a single protein like collagen [19,20]. For these reasons, 
the most current technique used to quantify glycation rate of collagen 
is the fluorimetric assay that permits to detect fluorescent AGEs such 
as pentosidine [21]. However, even if this technique provides AGEs' 
quantification, it does not inform on the molecular changes associated 
to the overall AGEs. 

In the present study, we investigated the non-enzymatic glycation 
process of type I collagen using a biophotonic complementary ap¬ 
proach based on infrared and Raman vibrational microspectroscopies. 
These robust and non-invasive methods can provide information on 
both the composition and the structure, and are sensitive to the envi¬ 
ronment of proteins [22,23]. They are well adapted to highlight the 
impact of non-enzymatic glycation directly on type I collagen. In 
particular, Roy et al. [24] have previously demonstrated that 
Fourier-transform infrared (FT-IR) used in the Attenuated Total Re¬ 
flection (ATR) mode allowed to quantify in vitro glycation of collagen 
gels, which was clearly correlated with the fluorescent-AGEs’ accu¬ 
mulation. In our study, in addition to the FT-IR microspectroscopic 
approach, we have used Raman microspectroscopy to complement 
the analysis of native, fibrillar, and non-pepsined type I collagen 
in vitro -glycated with glucose or ribose. These vibrational spectro¬ 
scopic techniques are label-free, direct, rapid, and non-destructive 
approaches that are applied here to explore to what extent in vitro 
glycation of type I collagen impact on protein structural features. 
Both methodologies are sensitive to molecular and conformational 
structural information and are complementary. 

2. Material and methods 

2.1. Extraction of type I collagen and in vitro glycation 

Fibrillar type I collagen was extracted as previously described [25]. 
Briefly, acid-soluble type I collagen was obtained from tail tendons of 
Sprague-Dawley rats by 0.5 M acetic acid extraction then purified by 
dialysis against distilled water and lyophilized. This native, purified, 
and non-pepsined collagen was stored at — 80 °C until further 
use. For preparation of in vitro glycated collagens, the lyophilized 
extracted native type I collagen was incubated, under sterile condi¬ 
tions, at 37 °C for 14 days in 0.15 M of phosphate buffer pH 7.4 
containing 5 or 50 mM of glucose (Sigma-Aldrich, L’isle d’Abeau 
Chesnes, France) or for 5 days in the same buffer containing 50 mM 
of ribose (Sigma-Aldrich). Both types of glycated collagens were exten¬ 
sively dialyzed against distilled water and then lyophilized. 

2.2. Estimation of electrophoretic properties 

Collagens were solubilized at 2 mg/ml in 0.018 M of acetic acid (v/v) 
and denatured by heating for 2 min at 90 °C. Electrophoretic properties 
of native and in vitro -glycated collagens were estimated by 5% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Gels 
were stained with Coomassie Brilliant Blue R250 for revealing charac¬ 
teristic type I collagen chains. 

2.3. Fluorescent AGEs detection 

To quantify the glycation level in the in vitro -glycated collagens, 
AGEs-specific fluorescence was measured using a Shimadzu RF-5000 
fluorescence spectrophotometer (Shimadzu, Marne la Vallee, France) 
at 380 nm excitation and 440 nm emission, after solubilizing collagens 
at 2 mg/ml in 0.018 M of acetic acid (v/v). Data are presented as 


mean =1= SEM. The values were analyzed with Kruskall-Wallis followed 
by Mann-Whitney tests. Statistical significance was set at p<0.05. 

2.4. FT-IR microspectroscopy 

Micro-FT-IR acquisitions of lyophilized native and in vitro -glycated 
type I collagens were performed on thin pellets, prepared by mixing 
1 mg of collagen with 99 mg of potassium bromide (Sigma-Aldrich) 
and pressed in the form of thin discs at 10,000-15,000 psi during 
10 min. Infrared transmission spectra were recorded between 4000 
and 700 cm -1 in the point mode using a 100x100 pm 2 aperture 
with a Spotlight 300 microscope coupled to a Spectrum 100 FT-IR 
spectrometer (both from Perkin Elmer, Courtaboeuf, France). For 
each spectrum, 128 scans were averaged at 4 cm -1 resolution and 
data were pre-processed by baseline correction with the elastic cor¬ 
rection method, vector normalized on the total spectral range, and 
offset corrected to bring the minimum absorbance value to 0, using 
the Opus 6.5 software (Bruker Optics, Marne la Vallee, France). 

2.5. Raman microspectroscopy 

Micro-Raman spectra were recorded directly on lyophilized native 
and in vitro-g lycated type I collagens without further preparation 
using a Labram microspectrometer (Horiba Jobin-Yvon SAS, Lille, 
France) operating with a 785 nm diode laser (Spectra-Physics, Les 
Ulis, France) and equipped with a lOOx long working distance objec¬ 
tive (numerical aperture of 0.8). For each measurement, two acquisi¬ 
tions of 80 s were averaged at 4 cm -1 spectral resolution over the 
spectral window 350 to 1800 cm -1 . All spectra were pre-processed 
by smoothing when necessary (7 points Savitzky-Golay smoothing), 
and then baseline corrected, vector normalized, and offset corrected, 
using the LabSpec 4.18 software (Horiba Jobin-Yvon). 

2.6. Spectral data processing 

Spectral data were compared using Hierarchical Clustering Analysis 
(HCA) that allows regrouping spectra on a minimal distance criterion 
and so, according to their homogeneity. For this purpose, Euclidian 
distances and Ward’s algorithm implemented in the Opus 6.5 software 
(Bruker Optics) were used and the results were displayed via a 
dendrogram. 

3. Results 

3.1. Evaluation of in vitro glycation efficiency of type I collagen: electro¬ 
phoretic mobility and fluorescent AGEs accumulation 

In order to validate the accumulation of AGEs, we investigated the 
electrophoretic mobility of in vitro-g lycated collagens and the fluores¬ 
cence intensity associated with AGEs production after incubation of 
extracted type I collagen with glucose (5 or 50 mM) or ribose 
(50 mM). As shown in Fig. 1A, all in vitro -glycated collagens exhibit 
characteristic bands of native type I collagen, showing ai and a 2 
chains. However, a decrease of the electrophoretic mobility can be 
observed in glycated collagens compared to the native one. This effect 
is more marked with ribose-glycated collagen, confirming the higher 
reducing effect of ribose on collagen I compared to glucose. Fig. IB 
displays the results of spectrofluorimetric assay of non-glycated and 
in vitro -glycated type I collagens. A proportional increase in the 
fluorescence of collagens as a function of glycation level can be ob¬ 
served, indicating that the content of fluorescent AGEs increases 
with the concentration and nature of the reducing sugar. For instance, 
a two-fold increase of AGEs accumulation is observed in 50 mM 
ribose-glycated collagen compared to 50 mM glucose-glycated colla¬ 
gen, confirming the higher reducing effect of ribose. 
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Fig. 1. Biochemical properties of in vitro- glycated collagens. (A) SDS-PAGE of collagen 
samples, 25 pg of either native non-glycated (a) or in vitro glycated 5 mM glucose 
(b), 50 mM glucose (c), and 50 mM ribose (d) type I collagens were analyzed on 5% 
polyacrylamide gels under reducing conditions. (B) Spectrofluorimetric analysis was 
performed on these different collagens solubilized at 2 mg/ml in 18 mM acetic acid 
(v/v) to detect AGEs-specific fluorescence using a spectrofluorimeter (Shimadzu 
model RF-5000, France) at \ e x = 380 nm and \ e m = 440 nm. Values are the mean of 
three independent experiments (*p<0.05 and ***p< 0.001 are compared to native 
non-glycated collagen, mean±SEM). 


These two experimental results confirm the efficiency of the 
in vitro glycation process used in this study. 

3.2. FT-IR microspectroscopic analysis of in vitro glycated collagens 

Table 1 summarizes the FT-IR frequency positions and a tentative 
assignment of the major functional groups of native type I collagen 
with the changes observed with in vitro glycation in the characteristic 
peaks. It can be observed that the mean FT-IR spectrum of native 
non-glycated type I collagen exhibits the characteristic spectral 
features previously reported [26]. Comparison of the mean FT-IR 
spectra of in vitro glycated collagens with the control (Fig. 2) shows 
no significant change in the position of the Amide I band, representa¬ 
tive of the protein secondary structure. This indicates that the triple 
helix structure of the molecule is well-conserved upon glycation. The 
up-shift observed in the Amide II band (1552 cm -1 to 1546 cm -1 ) 


Table 1 

Changes in vibrational band frequencies (cm” 1 ) of characteristic FT-IR bands due to 
in vitro glycation of type I collagen. 



Native 

(control) 

Glucose 

5 mM 

Glucose 

50 mM 

Ribose 

50 mM 

vNH 

3326 

3326 

3326 

3326 

vNH 

3084 

3084 

3083 

3083 

vCH 2 

2955 

2955 

2955 

2955 

vCH 2 

2880 

2880 

2880 

2880 

Amide I, vC=0 

1660 

1660 

1660 

1661 

Amide II, 6NH 2 

1552 

1551 

1550 

1546 

6CH 2 

1453 

1453 

1452 

1451 

6CH 2i CH 3 

1403 

1403 

1403 

1403 

6CH 2 

1338 

1338 

1338 

1338 

Amide III, 6NH 2 

1240 

1240 

1239 

1237 

C-N 

1205 

1205 

1205 

1205 

C-OH 

1082 

1082 

1082 

1082 

C-OH 

1032 

1032 

1032 

1032 


for ribose-glycated sample may reflect discrete conformational changes 
in tertiary structure of collagen such as changes of amino-acid 
exposure. Upon glycation, the most important changes are observed 
in the 1100-900 cm -1 spectral range, which corresponds to the 
characteristic absorption region of carbohydrates. In the native type I 
collagen, two distinct peaks are observed corresponding to total pro¬ 
tein and carbohydrate signals (1082 and 1032 cm -1 respectively). 
The signal of carbohydrates increases further until it becomes predom¬ 
inant over the total protein signal. In order to verify if these spectral 
modifications observed in this region can be a pertinent spectroscopic 
marker of the glycation degree, we have computed the intensity 
ratio of the 1032 cm -1 band with respect to the Amide I band at 
1660 cm -1 . Our results clearly show that the I 1030 /I 1660 ratio increases 
(Fig. 3) of the same order as that observed for AGEs’ detection by 
spectrofluorimetry. 

An FT-IR spectrum contains at least a thousand of variables and an¬ 
other way of comparing spectral data is to use multivariate statistical 
analysis. Here, for instance, we applied HCA based on Ward’s algorithm 
and Euclidean distance calculation, to determine spectral similarity via 
a plot of the heterogeneity values between spectra. The HCA of mean 
infrared spectra of native and glycated collagens using the total spectral 
range is displayed in Fig. 4A. As can be seen, it shows a clear discrimi¬ 
nation between native and glycated collagens. For glycated samples, 
collagens are clearly differentiated as a function of the reducing sugar 
or the concentration used. The HCA performed on the carbohydrate re¬ 
gion (Fig. 4B) confirms a clear-cut discrimination of the different 
collagens. 


3.3. Raman microspectroscopic analysis of in vitro glycated collagens 

In a complementary way, samples were also analyzed by Raman 
microspectroscopy in order to study molecular groups which may 
be active in Raman but not in FT-IR or active in both. The rationale 
is that while FT-IR spectra give information on the Amide I, corre¬ 
sponding to the stretching coordinate of C=0 bonds (vC=0) and 
Amide II corresponding to the deformation coordinate of NH 2 groups 
(SNH 2 ) bands Raman spectra exhibit Amide I (vC=0) and Amide III 
(5NH 2 ) features as well as side chain amino-acids. 

The Raman mean spectra of both native type I collagen and in vitro 
glycated forms, shown in Fig. 5, exhibit the characteristic spectral fea¬ 
tures previously reported [27]. Spectra show that in vitro glycation 
does not alter the band positions of all functional groups since no fre¬ 
quency shift is observed. The Amide I (1673 cm -1 ) and Amide III 
(1244 cm -1 ) bands do not exhibit change, confirming the conserva¬ 
tion of the triple-helix structure with in vitro glycation as yet demon¬ 
strated with FT-IR data. However, at the 533 cm -1 frequency 
position, it appears that the intensity of this Raman band increases 
upon glycation, suggesting conformational changes such as a skeletal 
deformation which may be due to the presence of cross-linking. Fur¬ 
thermore, other important changes in peak intensities are revealed 
upon glycation, especially for residues of prolines (Pro) and 
hydroxyprolines (HyPro) which are respectively the second and the 
third amino-acids in the type I collagen triple-helix composition. For 
each peak of interest, the ratio intensities (I pea k of interest/I 1451) were 
calculated, the peak at 1451 cm -1 (assigned to -CH 2 groups) 
remaining highly constant upon glycation. The observed changes 
are represented in Fig. 6, showing an increase of both the 394 cm -1 
(HyPro) and 875 cm -1 (HyPro) peaks and a decrease of both the 
470 cm -1 (Pro) and 1556 cm -1 (HyPro/Pro) peaks with glycation. 
These data suggest changes in the amino-acid exposure and protein 
backbone with type I collagen glycation. An HCA of Raman mean 
spectra (Fig. 7) using the total spectral range (350-1800 cm -1 ) con¬ 
firms a clear separation of glycated type I collagens from the native 
one and also a good discrimination as a function of the sugar or 
concentration used for in vitro glycation conditions. 
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Fig. 2. FT-IR analysis of in vitro- glycated collagens. Comparison between FT-IR spectra of native non-glycated and in vitro- glycated (glucose 5 mM, glucose 50 mM and ribose 
50 mM) collagens. Spectra represent means of three independent measurements and were normalized in the 1900-700 cm -1 range. Gray zones indicate interest spectral regions 
to discriminate samples according to in vitro glycation. 


4. Discussion 


In this study, IR and Raman microspectroscopies have been applied 
as probing non-destructive biophotonic techniques for studying native 
and glycated type I collagens. Results obtained demonstrate that upon 
in vitro glycation i) the conservation of the triple-helical structure of 
type I collagen; ii) noticeable variations in the exposure of proline, 
the second mostly abundant amino-acid in type I collagen chains; and 
iii) the level of glycation can be appreciated in a semi-quantitative 
manner. Concerning the third point, our results obtained at the 
microspectroscopic level largely confirm the previous observations 
highlighted by Roy et al. [24] using ATR-FTIR showing a direct propor¬ 
tionality between glycation level via the carbohydrate signal increase 
and the fluorescent-AGEs' formation. 

This spectral analysis of non-enzymatic glycation is highly repre¬ 
sentative of the physiopathological range of glycation which impacts 
type I collagen in vivo. Indeed, the glucose concentrations used here 
are representative of the sugar content in mammalian circulating 
blood (5 mM) [28] and in severe diabetes (50 mM) [29,30]. In this 
pathology, it has been demonstrated that high glucose level leads to 
the formation of AGEs on proteins such as collagen or hemoglobin 
[31,32]. In this study, ribose being the highest reducing sugar, it 
permits a faster and higher glycation process compared to glucose. 
Even if it is not a physiological sugar, because of its higher reducing 
effect, it has been used for convenience reasons to glycate faster and 
therefore represents a positive control of protein glycation in vitro 
[16]. 

In this spectroscopic study, spectra of native and in vitro glycated 
type I collagens were recorded from thin pellets of the freeze-dried 
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Fig. 3. Ratio of the FT-IR intensities (I) of the carbohydrate and Amide I bands. The 
1032 cm” 1 and 1660 cm” 1 peaks correspond at the FT-IR signal of C-OH bonds 
specific to carbohydrates and the FT-IR signal of Amide I band respectively. The ratio 
of the intensities of these two peaks (I 1032 /I 1660 ) was calculated. 


proteins. The rationale for using freeze-dried form is that this proce¬ 
dure concentrates the proteins and provides well-resolved data for 
the spectroscopic analysis. Indeed, we have previously analyzed the 
native and in vitro glycated collagens in solution, but spectra were 
less informative compared to spectra from freeze-dried collagens 
since they exhibited only the Amide I band (data not shown). Further¬ 
more, FT-IR spectra on the same solutions were completely dominated 
by water bands. Thus, the approach on freeze-dried collagens allows a 
comparative study in both infrared and Raman microspectroscopies, 


A Native Glu5mM Glu50mM Rib50mM 




Native 


Glu5mM Glu50mM Rib50mM 





Fig. 4. Hierarchical cluster analysis (HCA) on FT-IR spectra from native and 
in vitro- glycated collagens. HCA was calculated with the mean spectra of three inde¬ 
pendent experiments for each condition, on the 4000-700 cm” 1 total spectral range 
(A) and on the spectral window 1100 to 900 cm” 1 corresponding to the specific 
fingerprint of carbohydrates (B). All mean spectra with a high homogeneity degree 
are clusterized together. 
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Fig. 5. Raman spectral analysis of in vitro-glycated collagens. Comparison between Raman spectra of native non-glycated and in vitro-glycated (glucose 5 mM, glucose 50 mM and 
ribose 50 mM) collagens. Spectra represent means of three independent measurements and were normalized in the 350-1800 cm -1 range. Gray zones indicate interest spectral 
regions to discriminate samples according to in vitro glycation. 


allowing the detection of minor spectral changes that occur upon 
in vitro glycation. In addition, it has been demonstrated by another 
biophotonic approach using pulsed terahertz spectroscopy, that the 
freeze-dried form is representative of proteins close to the hydrated 
form in terms of signal and can be considered as native protein [33]. 

In molecules with different elements of symmetry (such as in the 
triple-helical structure of collagen), certain bands may be active in 
IR, Raman, both or neither. That is why Raman and FT-IR micro¬ 
spectroscopies are complementary in the analysis of complex proteins 
such as collagen. In order to obtain a full vibrational fingerprint, samples 



1875^1451 
1384^1451 
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Fig. 6. Analysis of Raman signals from proline and hydroxyproline residues from native 
and in vitro-glycated collagens. The 1451 cm -1 peak corresponds to the Raman signal 
of -CH 2 and - CH 3 groups, the 470 cm” 1 peak corresponds to the main Raman signal 
of prolines, the 394 cm” 1 and the 875 cm”” 1 peaks correspond to the main Raman 
signal of hydroxyprolines, and the 1556 cm -1 peak corresponds to the Raman signal 
of both prolines and hydroxyprolines. The ratio of the intensities of each of these 
peaks (I 394 /I 1451 ; I 470 /I 1451 ; I 875 /I 1451 and I 1556 /I 1451 ) was calculated. 


were analyzed by both FT-IR and Raman microspectroscopies. For ex¬ 
ample, in macromolecules or complex biomolecular systems, FT-IR 
gives a very high signal of carbohydrates, which is less discernable on 
a Raman spectrum. In contrast, the Raman spectrum of proteins better 
highlights amino-acid signatures and reveals the characteristic peaks 
of prolines and hydroxyprolines. These two residues are among the 
most important amino-acids present in the composition of both ai 
and a 2 chains of human collagens. Indeed, proline and hydroxyproline 
residues represent respectively the second (10%) and the third (8%) 
most abundant amino-acids in the protein sequence of type I collagen 
[34]. Their Raman activities exhibit important intensity differences be¬ 
tween the native non-glycated (control) and glucose-glycated collagens 
and to a lesser extent for the ribose-glycated counterpart. These spectral 
modifications suggest that upon in vitro glycation, the molecule un¬ 
dergoes a slight supra-molecular rearrangement, resulting in variations 
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Fig. 7. Hierarchical cluster analysis (HCA) on Raman spectra from native and in vitro-glycated 
collagens. HCA was calculated with the mean spectra of three independent experiments for 
each condition, on the total spectral range (350-1800 cm” '). All mean spectra with a high 
homogeneity degree are clusterized together. 
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in the proline and hydroxyproline residue exposures. These observa¬ 
tions, that can be associated with the increased AGEs formation induced 
by the glycation process, corroborate with the up-shift in the IR Amide II 
band, especially for ribose. The profiles of both the IR and Raman Amide 
I bands, well identified as representative of the secondary structure of 
proteins, exhibit neither intensity change nor band shift upon glucose 
or ribose exposure. This indicates that the triple-helical structure of 
type I collagen is not perturbed by the in vitro glycation. A recent 
study has confirmed similar observations with fructose, another reduc¬ 
ing sugar, using circular dichroism and X-ray diffraction [35]. 

By integrating the area of the carbohydrate band (1100-900 cm -1 ), 
a semi-quantitative appreciation of the glycation level was possible. This 
spectral region therefore appears like a good IR spectroscopic marker of 
collagen I in vitro glycation. Recently, Roy et al. [24] have identified this 
spectral zone to characterize glycation levels between pre-glycated and 
post-glycated collagen gels. Further, we show that this spectroscopic 
marker is well correlated with the fluorescent-AGEs’ quantification by 
conventional spectrofluorimetric assay. In parallel, at the tissue level, 
we recently reported that the intensity variations of this marker band 
can be highly indicative of changes in carbohydrate contents in glyco¬ 
proteins such as human secreted mucins [36]. 

This study demonstrates the potential of vibrational micro¬ 
spectroscopies for detecting changes due to post-translational modifi¬ 
cations of proteins. In addition, FT-IR and Raman microspectroscopies 
are rapid, sensitive, non-destructive and straight-forward techniques 
for analyzing sample composition and structure of proteins [37]. 
These biophotonic approaches are under constant progress for devel¬ 
oping innovative tools for biomaterial molecular characterization. 
They are robust and well appropriate for evaluating structural changes 
in proteins and can be alternative and complementary tools to conven¬ 
tional techniques. In physiopathological conditions such as aging 
or diabetes, a major foreseen interest could be the direct evaluation 
of collagen glycation in tissues, as a complement to classical immu- 
nohistological detection assays. 

5. Conclusions 

The present study demonstrates that vibrational microspec¬ 
troscopies allow detecting the effects of in vitro glycation on type I col¬ 
lagen, the major component in human tissues. We compared native 
type I collagen and in vitro glycated forms using reducing sugars and 
this model helped to highlight spectroscopic markers related to 
changes in the molecule upon glycation. Used in a complementary 
manner, FT-IR and Raman techniques can provide characteristic and 
specific spectral information of this non-enzymatic reaction. The 
spectral assignment for the triple-helical structure, that remained 
unchanged upon glycation, the proline and hydroxyproline attribu¬ 
tions, and the carbohydrate band, which appear like a robust marker 
for a semi-quantitative appreciation of the glycation effect, are all 
very informative spectral ranges for studying post-translational mod¬ 
ifications of matrix proteins. These techniques could be powerful tools 
for monitoring collagen changes occurring during aging or during the 
advent of pathological situations such as diabetes in a rapid, direct, 
quantitative, and label-free manner. 
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